Cellulase (Avicelase, Cel1) from Streptomyces reticuli efficiently hydrolyzes crystalline cellulose (Avicel) to cellobiose. The synthesis of the enzyme was found to be dependent on the presence of insoluble Avicel but not on either soluble hydroxyethylcellulose, cellooligomers, or cellobiose. Glycerol and various metabolizable mono-and disaccharides repress Avicelase synthesis, whereas yeast extract has no inducing or repressing effect. Glucose kinase is not required for the repression effect. In the course of cultivation, S. reticuli secretes significant quantities of acid, predominantly pyruvate and succinate, which reduce the pH to 4 in commonly used media with low buffering capacity. Comparative studies with media with low and high buffering capacities revealed that Avicelase synthesis is strongly repressed at a low pH.
Streptomycetes are mycelium-forming gram-positive bacteria. In addition to their ability to synthesize a large variety of antibiotics, they produce different extracellular enzymes; cellulases degrading soluble cellulose, for example, are frequently encountered. In contrast, only a small number of Streptomyces strains hydrolyze crystalline cellulose (Avicel) (12) . Streptomyces reticuli was found to produce an 82-kDa cellulase (Cel1 or Avicelase) which degrades crystalline cellulose to cellobiose (10, 11) . Unlike endoglucanases, the enzyme cleaves the substrate analogs para-nitrophenylcellobioside (pNPC) and methylumbelliferylcellobioside (MUC). Avicelase consists of a Cterminal catalytic domain belonging to the family E (4, 11), one central domain of an as-yet-unknown function, and an N-terminal substrate-binding domain. In the course of cultivation, the strain produces an extracellular 36-kDa protease (9) which processes Avicelase to a truncated, catalytically active 42-kDa enzyme lacking the cellulose-binding domain and the central part of the progenitor enzyme (11) . Several Streptomyces strains acquire the ability to degrade crystalline cellulose if they are transformed with the plasmid pZV1. This plasmid consists of a bifunctional vector (pZG6) into which the cel1 gene and its upstream region were inserted (13) .
The data presented in this report allow conclusions about the regulation of Avicelase synthesis.
Physiological studies. Earlier (10), we showed that Avicelase is bound to the culture pellet consisting of the insoluble crystalline substrate (Avicel) and mycelia. However, an addition of Tween to the culture medium resulted in the release of a major portion of the enzyme to the culture filtrate. Therefore, S. reticuli was cultivated in minimal MM-2 medium, which contains the following: 10 mM K phosphate buffer (pH 7), 0.01% MgSO 4 , 0.01% CaCl 2 , and 0.05% Tween, supplemented with various carbon sources (Table 1 ). In the presence of crystalline Avicel, S. reticuli produced high levels of pNPCase activity (see Fig. 1A ). In contrast, soluble hydroxyethylcellulose (which can also be hydrolyzed by Avicelase) did not give a measurable induction of the enzyme. In the presence of low-molecularweight sugars, S. reticuli did not synthesize Avicelase activity (Table 1) . When grown with crystalline cellulose (Avicel), S. reticuli mycelia were shown to be tightly connected to the insoluble substrate (12) . Therefore, it is not possible to measure the dry weight of the mycelia during cultivation. In addition, the mycelia invade the crystalline substrate; thus, neither their total protein nor DNA content can be ascertained quantitatively. For this reason, the levels of Avicelase synthesis were determined in the course of the cultivation time by measuring the enzyme activity (11) with pNPC in minimal medium (MM-2; pH 7) supplemented with 1% of one of the carbohydrates listed in Table 1 .
To verify the synthesis of Avicelase, some of the supernatants were loaded onto a polyacrylamide gel containing 0.5% sodium dodecyl sulfate (SDS) and 0.1% hydroxyethylcellulose. After removal of SDS, the gel was stained with Congo red. Proteins showing cellulose activities appear light in color (11) . As demonstrated below, no cellulolytic activities could be detected if S. reticuli had been grown in MM-2 medium containing glucose or cellobiose. If cultivated in the presence of hydroxyethylcellulose, the strain produced another cellulolytic activity; this had formerly been identified as carboxymethylcellulase, which, contrary to Avicelase, is unable to hydrolyze MUC. Carboxymethylcellulase is produced in small quantities if the strain is grown with Avicel (13). The total cellulolytic activity was most pronounced in the presence of Avicel. Additional staining with MUC allowed the specific detection of Avicelase (11) . The multiple bands of Avicelase (MUC activity) within the native gels are due to the presence of its 82-kDa monomeric, aggregated, and proteolytically processed forms (11) .
To explore the repression in detail, S. reticuli was grown in MM-2 medium (pH 7) with 1% Avicel for 2 days. The culture was divided, and a second carbon source was added to one of the flasks. Both flasks were incubated for another 2 days. Glycerol and pyruvate as well as different mono-and disaccharides (i.e., glucose, cellobiose, or others) (Table 1) , which are also metabolized by S. reticuli, led to slightly different degrees of on January 27, 2018 by guest http://aem.asm.org/ repression of Avicelase synthesis. Galactose, sorbitol, and rhamnose, which are not utilized by S. reticuli, had no repression effect. In the presence of yeast extract (1%) alone, no Avicelase synthesis occurred. If, however, yeast extract (1%) was added to a culture growing with Avicel, the level of Avicelase was nearly identical to the one determined for a cultivation solely with Avicel (Table 1) .
To identify a putative low-molecular-weight inducer, S. reticuli was grown in minimal medium supplemented with 1% Avicel. After 2, 3, 4, and 5 days of cultivation, the sterilefiltered culture supernatant was mixed with yeast extract (1% final concentration) and reinoculated with spores from S. reticuli. In the course of 6 days of growth, no pNPCase activity was recorded. A mixture of oligosaccharides, cellotriose, cellotetraose, and cellopentaose did not lead to an induction of Avicelase synthesis (Table 1) .
Among the tested carbon sources, only crystalline cellulose was found to induce the Avicelase synthesis. Glycerol and 
a Growth was estimated by microscopic studies. Growth after 1 (ϩϩϩ), 2 (ϩϩ), or 3 (ϩ) days is indicated. Ϫ, no growth. b pNPCase activity was measured after 4 days of cultivation. c The repression of Avicelase synthesis by the indicated catabolites was measured with pNPC as the substrate. After 2 days of S. reticuli cultivation in MM-2 or MM-3 medium with Avicel, the second C source was added to a final concentration of 1%. The enzyme activity after 2 additional days is given in a percentage relative to that of the culture containing only Avicel (100%).
d The mixture of cellooligomers contained cello-tri-, tetra-, and pentaoses. It is interesting that the reduction of pNPCase activity, which followed the addition of the second metabolizable carbon source, strongly correlated with a dramatic decrease in the pH in the culture medium (Fig. 1A) . If the pH of the culture growing in the presence of Avicel was reduced to 4 by adding HCl, a strong repression of Avicelase synthesis was also observed (Fig. 1A) . Earlier, we showed that Avicelase retains 90 and 75% of its activity at pH 5.0 and 4.5, respectively. Moreover, the enzyme is stable at a pH ranging from 4 to 9 (12). To exclude any pH effect during the measurement of pNPCase activity, the assay buffer had a high buffering capacity at pH 7.
Role of pH in growth and Avicelase synthesis. To examine the role of the pH in more detail, spores (10 7 /ml) from S. reticuli were inoculated into different minimal media supplemented with glucose (1%) at various pH values and different concentrations of the phosphate buffer. The media MM-1 (pH 5) and MM-2 (pH 7), which have the same ingredients but different pHs, had low buffering capacities because of the presence of 10 mM potassium phosphate buffer, whereas high buffering capacity was achieved with MM-3 medium (pH 7), which differs from MM-2 medium only in having 100 mM, not 10 mM, potassium phosphate buffer. With glucose as the C source, the growth rate of the mycelia was determined by measuring the dry weight.
Spores from S. reticuli did not germinate in MM-1 medium (pH 5), and thus it was not possible to detect mycelial growth (Fig. 1B) . In MM-2 medium complemented with glucose, the initial pH of 7 was constantly decreasing, and by the time the culture attained its stationary phase, it had decreased to 4 (Fig.  1B) . If the organism was cultivated in the presence of glucose in MM-3 medium with high buffering capacity, the pH remained stable (between 7.0 and 6.5) for up to 150 h, and the maximum amount of mycelia was two times higher than that in MM-2 medium (Fig. 1B) .
To avoid overlapping repression effects by the pH decrease and by glucose, some of the experiments described above were repeated with MM-3 medium. With Avicel as the C source, the level of Avicelase increased 2-to 2.5-fold (Fig. 1C) , compared with the level in MM-2 medium (Fig. 1A) . Unlike the results with MM-2 medium (Fig. 1A) , the repression effect attained by pyruvate, fructose, glucose, or glycerol amounted to only 19, 50, 55, or 61%, respectively, with MM-3 medium. However, the repression of the disaccharides cellobiose and maltose was most pronounced. After 4 additional days of cultivation, the increase of the enzyme level correlated with the depletion of the repressing glucose (Fig. 1C ). An analysis with native gels confirmed that Avicelase was produced only if the strain had been cultivated with Avicel in MM-3 or MM-2 medium (Fig. 2,  lanes 1) .
Isolation and analysis of the organic acids. S. reticuli was grown in 50 ml of MM-2 medium with glucose (1%) for 4 days until the pH had decreased to 4. The culture supernatant was passed through a Whatman 3MM filter and subsequently ultrafiltered through a membrane with a molecular weight cutoff of 3,000 (Centricon-3; Amicon). The flow was concentrated by lyophilization to 5 ml, and the organic acids were extracted twice with 5 ml of butanol. The solvent was removed by evaporation. After the addition of 10% BCl 3 in methanol, the mixture was left to stand overnight. After the addition of 1 ml of water, methyl esters were extracted with 1 ml of chloroform, and 5 l was applied to a gas chromatograph (Hewlett-Packard model 5890, series II) connected with a mass spectrometer. The run was performed with an HP5 column (length, 30 m; diameter, 0.25 mm) at a starting temperature of 70ЊC, which was increased 10ЊC/min until 210ЊC was reached. The eluted compounds (Fig. 3) were identified by comparison of their mass spectrogram with those of a data bank. The most prominent compounds were identified as pyruvate and succinate; titration experiments allowed quantification of their amounts as 573 and 767 g/ml of culture filtrate, respectively. Smaller quantities of fumarate and citrate were found as well. One peak (no. 2) possessed an as-yet-unidentified C 4 compound.
The studies reveal that S. reticuli secretes high quantities of acids which lower considerably the pH of an unbuffered medium. As shown above, the mere reduction of the pH leads to significant repression of Avicelase synthesis. The data suggest that in addition to the inducing effect of Avicel and the repressing one of a metabolizable C source, one or several other regulatory mechanisms govern Avicelase synthesis.
The synthesis of various extracellular enzymes from streptomycetes or other microorganisms has generally not been investigated in media with high buffering capacities (2, 3, 7, 8) ; the buffering effects of commonly used media are poor. On the basis of our data, we expect the synthesis of other enzymes also to be affected by a low pH. Thus, pH-stable media should be preferentially utilized to study the inducing or repressing effect of catabolites. FIG. 2 . Analysis of cellulolytic activities in S. reticuli. The strain was grown in MM-2 or MM-3 medium containing Avicel (lanes 1), hydroxyethylcellulose (lanes 2), glucose (lanes 3), or cellobiose (lanes 4). Samples (50 l) of the culture filtrate were taken after 4 days of cultivation and loaded onto a hydroxyethylcellulose-containing polyacrylamide gel. After electrophoresis and protein renaturation, the gel was stained subsequently with MUC ( §) and Congo red as described earlier (11) .   FIG. 3 . Characterization of acids by gas chromatography. S. reticuli was grown in MM-2 medium for 4 days. The retention time of methyl esters (synthesized from the acids within the culture filtrate) in relation to their abundance is presented. Pyruvate (peak 1), nonidentified C 4 compound(s) (peak 2), fumarate (peak 3), succinate (peak 4), and citrate (peak 5) were found.
Expression of the cel1 gene in Streptomyces coelicolor and its glucose kinase-negative mutant M480. The plasmid pZV1 (13) was transformed in S. coelicolor M145 and S. coelicolor M480, a glucose kinase mutant of M145 (1) . Unlike the progenitor strain (13) , the transformants synthesized Avicelase activity in MM-3 medium containing yeast extract as the C source and Avicel as the inducer for cel1 expression. The addition of glucose and glycerol led to a significant repression of Avicelase synthesis in M145(pZV1). In contrast, glycerol but not glucose caused a strong repression of pNPCase activity (Fig. 4) in M480(pZV1).
Within S. coelicolor A3(2), glucose kinase (1) was shown to be required for glucose repression of several catabolite-controlled genes encoding glycerol utilization, agarase, and ␣-amylase (cloned from Streptomyces limosus). In contrast, within a glucose kinase null mutant from S. coelicolor A3(2), transcription of the chitinase 63 gene (cloned from Streptomyces plicatus) is chitin dependent and retains glucose sensitivity (6) . Our data demonstrate that in the glucose kinase-negative S. coelicolor M480(pZV1), the synthesis of Avicelase is repressed by glucose but not by glycerol. Thus, glucose kinase does not seem to be required for the repression of any catabolite-repressed gene.
Conclusion. The presented data reveal the following. (i) Only the carbon source crystalline cellulose causes Avicelase synthesis. The signal transduction cascade leading to induction needs to be elucidated. (ii) Glucose and other metabolizable carbon sources entail, possibly via a common intermediate, repression of Avicelase synthesis. (iii) Repression by glycerol is independent of glucose kinase. (iv) The pH dependency suggests that, in addition to specific induction and repression, an additional regulatory mechanism(s) affects Avicelase synthesis.
We thank M. Moormann for his expert help in gas chromatography, M. Bibb (Norwich, United Kingdom) for having provided the glucose kinase mutant, and M. Lemme for her support in the writing of the manuscript.
The work was supported by the Sonderforschungsbereich at Osnabrück (SFB 171/C14).
